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Impaired autophagic machinery is implicated in a number of 
diseases such as heart disease, neurodegeneration and can- 
cer. A common denominator in these pathologies is a dys- 
regulation of autophagy that has been linked to a change in 
susceptibility to cell death. Although we have progressed in 
understanding the molecular machinery and regulation of 
the autophagic pathway, many unanswered questions remain. 
How does the metabolic contribution of autophagy connect 
with the cell's history and how does its current autophagic 
flux affect metabolic status and susceptibility to undergo cell 
death? How does autophagic flux operate to switch metabolic 
direction and what are the underlying mechanisms in metab- 
olite and energetic sensing, metabolite substrate provision 
and metabolic integration during the cellular stress response? 
In this article we focus on unresolved questions that address 
issues around the role of autophagy in sensing the energetic 
environment and its role in actively generating metabolite 
substrates. We attempt to provide answers by explaining 
how and when a change in autophagic pathway activity such 
as primary stress response is able to affect cell viability and 
when not. By addressing the dynamic metabolic relationship 
between autophagy, apoptosis and necrosis we provide a new 
perspective on the parameters that connect autophagic activ- 
ity, severity of injury and cellular history in a logical manner. 
Last, by evaluating the cell's condition and autophagic activ- 
ity in a clear context of regulatory parameters in the intra- and 
extracellular environment, this review provides new concepts 
that set autophagy into an energetic feedback loop, that 
may assist in our understanding of autophagy in maintaining 
healthy cells or when it controls the threshold between cell 
death and cell survival. 



Introduction 

Autophagy, from Greek "self-eating," is a major protein deg- 
radation system that targets primarily long-lived cytoplasmic 
proteins. This catabolic process serves ubiquitously as a stress 
response and is conserved in all eukaryotic cells.' Three main 
forms of autophagy exist: chaperone-mediated autophagy, micro- 
autophagy and macroautophagy. In chaperone-mediated auto- 
phagy, single cytosolic proteins are recognized by a chaperone 
complex that facilitates target-motif governed delivery, lysosomal 
membrane binding, translocation and subsequent internaliza- 
tion.^ Microautophagy delivers cytoplasmic materials by a process 
involving lysosomal limiting membrane invagination, protrusion 
or septation. Macroautophagy involves a dynamic subcellular 
membrane rearrangement whereby cytoplasmic proteins and 
organelles are sequestered in double-membrane vesicular struc- 
tures (autophagosomes) that fuse with the lysosome or vacuole, 
where the material is catabolically degraded, recycled and uti- 
lized as an energy source. Variants in type of material and in the 
selectivity of cargo recognition exist, leading to the distinction 
between "bulk" or nonselective macroautophagy involving the 
sequestration of random cytosolic material, and selective types 
of macroautophagy including lipophagy, mitophagy, ribophagy, 
pexophagy, etc., where the autophagosome exclusively contains 
lipid droplets, mitochondria, ribosomes or peroxisomes, respec- 
tively. Although all three forms of autophagy differ in the path- 
way by which cargo material is delivered to the lysosome, they 
are similar with regard to the final and fundamental steps of lyso- 
somal protein degradation by hydrolase exposure. 

Macroautophagy (hereafter referred to as autophagy) is not 
only the most widely studied and best-understood process, but 
also the autophagic pathway where the most powerful connec- 
tions have been identified between its course of action, cellular 
metabolism and cell death. However, the relationship between 
autophagy, catabolism and balancing cellular energetics on the 
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Figure 1. When assessing autophagy in the context of its functional role in metabolism, the sequence of the machinery may be expanded in both 
directions in order to complete the energetic feedback loop. Prior to its induction we highlight its role of energetic sensing, whereas post efflux and 
permease release we suggest substrate utilization, ATP synthesis and energetic efficiency as well as protein synthesis/ATP consumption. 



one hand, and the integration of a cellular stress response on 
the other hand, remains largely unclear. Although substan- 
tial progress has been made in understanding the molecular 
control of autophagy and its regulation with regard to auto- 
phagosome initiation, formation, elongation and maturation, 
we are less able to answer questions that deal with the predic- 
tion of how and when the molecular machinery of autophagy 
affects cell death or cell survival. Central to this outcome is 
the cell's capacity to generate sufficient ATP and its abil- 
ity to meet metabolic demands. Therefore, in this review, we 
highlight the network that connects autophagy and energetic 
sensing with substrate provision, cellular energy demands and 
cell death. We assess the conditions that determine whether a 
change in autophagic activity is compatible with cell function 
and metabolic demands, or whether it leads to the induction of 
apoptosis or necrosis. We address how the governance of auto- 
phagy through metabolic sensing translates into a metabolic 
robustness that may act upon a framework of intracellular as 
well as extracellular parameters that together affect cellular 
susceptibility. Finally, we introduce autophagy as an energetic 
feedback loop that is anchored between energetic sensing and 



ATP consumption, thereby integrating autophagic flux and sus- 
ceptibility to cell death in a coherent manner. 

Autophagy: Anchored within an Energetic 
Feedback Loop 

The complete autophagy process can be dissected into the eight 
functional aspects of (1) induction; (2) cargo selection and pack- 
aging; (3) vesicle nucleation; (4) vesicle expansion and comple- 
tion; (5) retrieval; (6) vesicle targeting to, and docking and 
fusion with, the lysosome or vacuole; (7) intralysosomal vesicle 
breakdown; and last, (8) permease efflux. More than 30 genes 
and respective autophagy-related (Atg) proteins participate in the 
organization of functional complexes that control and regulate 
this process from the induction of autophagy to vesicle break- 
down and efflux from permeases, and readers are referred to 
comprehensive reviews.''' Formation of the autophagosome is 
facilitated by the formation of a limiting membrane, characterized 
by the organization of modulatory and kinase complexes around 
membrane structures that are derived from organelle membranes 
such as that of the endoplasmic reticulum, Golgi apparatus and 



www.landesbioscience.com 



Autophagy 



1271 



mitochondria.^ BECNl and PIK3C3/VPS34, for example, are 
pivotal in the formation of a lipid kinase complex, which in turn 
allows the recruitment and shuttling of ATG proteins that con- 
tribute to the generation of the phagophore, the initial sequester- 
ing compartment. Next, the ubiquitin-like conjugation systems 
govern the formation of the ATG12— ATG5 complex as well as 
LC3-phosphatidylethanolamine, processes that drive membrane 
elongation. Finally, phagophore formation completes by sealing 
to form the autophagosome. This process is thought to occur 
randomly during nonselective (bulk cytoplasm) autophagy; 
however, specific organelles can be surrounded with the help of 
recognition proteins such as SQSTMl/p62 during selective auto- 
phagy.* Subsequent docking and fusion with lysosomes occurs 
with the formation of an autolysosome, a process first proposed 
by de Duve and Wattiaux.^ Exposed to lysosomal hydrolases, the 
autophagosome and its cargo are completely degraded and their 
basic components are released through permeases into the cyto- 
sol, providing an additional source of metabolites. 

However, to fully incorporate the primary role of autophagy, 
i.e., to protect cells under stress conditions, and to comprehend its 
variability in favoring or delaying cell death, we need to expand 
the currently known schematic model of the autophagy process 
and its machinery. Therefore, here we argue that it is essential to 
anchor the autophagic machinery within an energetic feedback 
loop that includes the regulatory components of energetic sens- 
ing, metabolite generation, substrate utilization and the demand 
for ATP consumption, thereby controlling the cellular energetic 
balance as a homeostatic feedback mechanism. We postulate that 
the molecular machinery of autophagy actively operates already 
prior to its "induction" through multifaceted energetic sensing 
pathways, and expands beyond the "final" step of "permease 
efflux": Relative to the eight points above, a pre-induction point 
0 summarizes a network of metabolic sensing mechanisms that 
governs the onset and magnitude of autophagic activity, which 
in turn tightly connects to the post-efflux processes (Fig. 1). 
Moreover, an additional point, 9, addresses the functional aspects 
of post-efflux autophagic utilization of substrate and synthesis of 
ATP. Point 10 attends to the optimization of energy efficiency, 
mitochondrial fission/fusion control and respiration competence; 
and last, point 11 concentrates on the final step that closes the 
functional feedback loop, the state of ATP consuming processes 
and the synthesis of survival proteins (Fig. 1). In this way the 
feedback loop is complete as ATP consumption, which is required 
to maintain cell viability and function, connects back to the met- 
abolic sensor, enabling homeostatic control of the cellular stress 
response. This expanded scheme assists with the understanding 
of autophagic flux control, as it draws attention to the molecular 
machineries of distinct energy sensing pathways, their impact on 
ATP generating systems and the subsequent change in capacity to 
meet the cell's energy requirements. A central theme that deter- 
mines the likelihood of cell death during a stress response lies in 
the availability of ATP. When key molecular markers that con- 
nect the autophagic machinery to its function as a stress response 
mechanism are included, a molecular network emerges that spans 
densely around the cellular energetic balance system. It becomes 
clear that multiple energetic feedback loops exist that connect the 



extracellular environment with autophagic flux and intracellular 
metabolite conditions, controlling energetic efficiency and, con- 
comitantly, susceptibility to undergo cell death. 

Autophagy: The Energetic Sensor that Creates 
Metabolic Robustness 

The autophagic machinery is more densely connected to the 
major energy sensors of the cell than previously thought. The 
recently discovered interplay between autophagy and metabolism 
reveals a profound dynamic feedback loop that controls the cel- 
lular energetic state and thereby closely interacts with the organi- 
zation of the onset of cell death.*" The autophagic machinery and 
its activity is controlled by numerous extracellular and intracel- 
lular parameters that assess the metabolic or energetic state in a 
direct or indirect fashion. Here, we argue that three major roles 
can be assigned to the autophagic machinery that networks cel- 
lular metabolism in response to perturbations: first, multifaceted, 
convergent sensing of the energetic state; second, response with 
significant metabolite generation through the intricate tuning of 
autophagic flux; and third, complex integration of autophagic 
activity with ATP-consuming processes and efficiency of mito- 
chondrial respiration (Fig. 2). Due to the central role of ATP in 
the dynamics of cell death onset and control of cell death subrou- 
tines, we propose that this network fundamentally governs the 
susceptibility to cell death.' ** 

Three major energy-sensing pathways connect the cellu- 
lar energy levels with the autophagic machinery, resulting in 
increased ATP availability, improved energy efficiency and cel- 
lular respiration (Fig. 2). Hence, the downstream elicited effects 
culminate in the control of cellular metabolic robustness, which 
in turn defines the threshold for cell viability. The primary cel- 
lular energy sensing kinase cascades involve PKA (protein kinase, 
cAMP-dependent), AMPK (protein kinase, AMPK-activated) 
and MTOR (mechanistic target of rapamycin). All three sig- 
naling systems are tightly networked and intricately linked 
to the regulation of the molecular machinery of autophagy.'''" 
Protein synthesis and protein degradation are reciprocally con- 
trolled by the MTOR pathway, and it was initially thought 
that MTOR itself senses intracellular ATP concentration." '^ In 
yeast, interaction between Atgl and Atgl3 may be controlled 
by TORCl-regulated Atgl3 hyperphosphorylation, which initi- 
ates autophagosome formation." This interaction of Atgl-Atgl3 
appears to occur constitutively, as it is not altered by nutrient 
availability or MTOR inhibition.''' In the mammalian system, 
MTORCl phosphorylates ULKl, an Atgl homolog, which, in a 
complex with ATG13 and RB1CC1/FIP200 suppresses the ini- 
tiation of autophagosome synthesis." TOR/MTOR is a central 
regulatory component that connects the cellular energetic envi- 
ronment with autophagic activity, thereby increasing metabolites 
for ATP generation. For example, as mentioned above, TOR 
hyperphosphorylates Atgl 3, resulting in an inhibition of auto- 
phagy.'^ TOR activity is highly sensitive to the availability of 
nitrogen sources, such as L-glutamine or L-asparagine."" MTOR 
sensing of amino acid availability is primarily based on the efflux 
of L-glutamine and influx of L-leucine as well as other essential 
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Figure 2. Three major energy-sensing pathways connect the cellular energy levels with the autophagic machinery that results in increased ATP avail- 
ability, improved energy efficiency and respiration, culminating in the control of cellular metabolic robustness, which maximizes cell viability. 



amino acids through a bidirectional transport system.'^ Leucine 
is one of the most potent amino acids in stimulating MTOR sig- 
naling." MTOR is therefore involved in a negative feedback loop 
that controls metabolite (amino acid) availability. The exact sens- 
ing mechanism, however, as well as the mechanism of MTOR 
dephosphorylation, is not fully understood. 

AMPK is a sensor for cellular energy levels. It is required 
for autophagy, as AMPK mutants as well as AMPK inhibition 
suppress autophagy.'^ AMPK is activated by ATP depletion, 
indicated by an increase in ADP and AMP, or glucose starva- 
tion.'* AMPK is able to modulate the autophagic machinery by 
affecting two crucial signaling complexes: by inhibiting MTOR 
and, as recently revealed, by directly phosphorylating ULKl."'^- 
AMPK operates therefore in a "fail-safe" mechanism, regulating 
autophagic activity through two distinct molecular avenues, both 



controlling induction of autophagy and therefore metabolite pro- 
vision for ATP generation. Importantly, at the same time, AMPK 
has a critical role in reprogramming overall cellular metabolism, 
thereby increasing the metabolic potency of induced autophagy. 
For example, by switching off ATP-dependent processes, AMPK 
contributes to the conservation of ATP (Fig. l).^** This may be 
especially important if oxygen tension becomes low and ATP 
generation per mole oxygen needs to be maximized. AMPK plays 
therefore a dual role, first by providing metabolites that can serve 
as substrates for ATP synthesis, thereby increasing ATP availabil- 
ity, and second by decreasing ATP consumption and minimizing 
ATP "wastage" through switching off defined ATP-consuming 
processes (Fig. 2). 

Upon starvation of cells from amino acids and serum, PKA 
mediates phosphorylation of DNMIL/DRPI, leading to an 



www.landesbioscience.com 



Autophagy 



1273 



Figure 3. Glucogenic and ketogenic 
amino acids generated through 
increased autophagic flux fuel the 
TCA cycle at multiple entry points. 
However, conditions for autophagy 
to contribute metabolically are not 
always favorable. Autophagy is only 
able to contribute through substrate 
provision if the substrate preference 
and basal metabolism are favor- 
able for oxidative phosphorylation. 
Unfavorable conditions for increased 
autophagic flux to contribute meta- 
bolically are low basal TCA activity, 
high basal anaerobic metabolism, low 
oxygen tension, a high degree of fis- 
sioned mitochondria, dysfunctional 
mitochondria, or low mitochondrial 
load. Access of autophagically gener- 
ated metabolites to the TCA cycle is 
not favored (striped bar in horizontal 
position). Favorable conditions for 
increased autophagic flux to contrib- 
ute metabolically are high basal TCA 
cycle activity, minimal basal anaero- 
bic metabolism, high basal reliance 
on oxidative phosphorylation, suf- 
ficient residual oxygen availability, 
sufficient functional mitochondria, 
high degree of fused mitochondria, 
or high mitochondrial load. Access 
of autophagically generated metab- 
olites to the TCA cycle is favored 
(striped bar in vertical position). 
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inhibition of fission, tliereby disturbing the equiHbrium between 
fission/fusion and shifting it toward the latter.^' This resuhs in a 
greater mitochondrial networlc with more elongated mitochon- 
dria that exhibit increased efficiency in ATP synthesis. The higher 
energy production rate is brought about by increased dimeriza- 
tion of mitochondrial ATP synthase as well as a higher density 
and number of mitochondrial cristae (Fig. l).^*" If residual oxygen 
as well as metabolites are available, a cellular energetic state can 
be maintained that is more likely compatible with the current 
increased energetic demands. In that way, ATP is preserved, as 
chances for mitophagy of depolarized and fragmented mito- 
chondria are minimized. '"'^^ Moreover, the cytosolic ATP that 
is available is also effectively used, as nonelongated mitochon- 
dria would use more cytosolic ATP to maintain their membrane 
potential and thereby deplete ATP stores, accelerating the onset 
of cell death. In addition, autophagy regulates cell survival dur- 
ing energy stress through controlling the clearance of damaged 



organelles and misfolded proteins, thereby affecting the load of 
functional mitochondria and decreasing the risk of toxic protein 
aggregate formation. ^''^^ Taken together these data indicate that 
the net metabolic efficiency can be powerfully modulated as a 
change in autophagic flux is induced. 

Autophagy: Metabolite Provision 
that can be Effective 

All eukaryotic systems with a lysosomal compartment are able 
to undergo the process of autophagy. A basal level of autophagic 
pathway activity is therefore crucial to maintain cellular house- 
keeping functions. Autophagy produces amino acids for the sur- 
vival of the cell or organism, when nutrients become limited.^'''" 
However, direct evidence for a change in metabolite profile and 
its connection to cell viability remains limited. It is becom- 
ing increasingly clear that autophagy indeed plays a role of a 



1274 



Autophagy 



Volume 9 Issue 9 



powerful (and likely underestimated) provider of metabolite sub- 
strates. Protein catabolism was the first clearly defined metabolic 
function brought about by autophagy and its dynamic control by 
nutrient supply and amino acid availability has been stressed.'" 
The autophagic pathway is generally considered to degrade long- 
lived proteins, as opposed to the ubiquitin-proteasome system for 
short-lived proteins. As more than 99% of intracellular proteins 
are long lived, the pool size of the available protein for bulk deg- 
radation is substantial. After 24 h fasting we find a 25% net loss 
of protein in liver cells, and an average clearance rate of 2% per 
hour in hepatocytes and embryonic stem cells. '^'^^ This rate can 
be increased to up to 5% protein loss per hour, indicating the 
huge metabolic buffer capacity available through autophagy.'' 
However, it is largely unclear whether substrates generated by 
autophagy necessarily contribute with the same metabolic value 
to cellular metabolism. Because amino acid metabolism is cell- 
type dependent, it is likely that the regulation of autophagy by 
amino acids also varies among cell types." 

Although the regulatory role of autophagy in maintaining 
physiological amino acid levels has been demonstrated in both 
yeast and mammalian cells, studies that assess the alteration 
of metabolite profile during changes in autophagic flux remain 
limited.'''" Indirectly, abundant evidence demonstrates that 
the metabolic profile affects the energetic state of the cell. The 
branched-chain a-ketoacid dehydrogenase complex, which is 
the regulatory enzyme to channel branched-chain amino acids 
such as leucine, isoleucine and valine into the tricarboxylic 
acid (TCA) cycle, is upregulated in starvation." Theoretically, 
both glucogenic and ketogenic amino acids generated through 
increased autophagic flux may significantly fuel the TCA cycle 
at multiple entry points. However, conditions for autophagy to 
contribute metabolically are not always favorable. Autophagy is 
able to contribute through substrate provision only if the cell's 
substrate preference and basal metabolism are favorable for oxi- 
dative phosphorylation (Fig. 3). The extent of tissue reliance 
on anaerobic vs. aerobic metabolism, its glycolysis rate vs. mito- 
chondrial respiration rate, as well as the substrate distribution 
and substrate preference are all key factors that determine the 
possible net contribution of autophagy to metabolism (Fig. 3). 
On the one hand, it may therefore be said that unfavorable condi- 
tions for increased autophagic flux to contribute to the metabolic 
balance sheet are low basal TCA activity, high basal anaerobic 
metabolism, low oxygen tension, a high degree of fissioned mito- 
chondria, a large proportion of dysfunctional mitochondria, or 
low mitochondrial load (Fig. 3). On the other hand, favorable 
conditions for increased autophagic flux to metabolically contrib- 
ute are a high basal TCA cycle activity, a high basal reliance on 
oxidative phosphorylation, sufficient residual oxygen availability, 
a sufficient number of functional mitochondria, a high degree of 
fused mitochondria, or a high mitochondrial load (Fig. 3). 

It becomes clear that the cargo-specific forms of autophagy, in 
particular lipophagy and mitophagy, may both powerfully affect 
this regulation during energy stress by first providing particu- 
larly fatty acids to fuel the TCA cycle, and second by assuring 
the availability of actively respiring mitochondria with func- 
tional TCA cycle flux. Intracellular lipid droplets can operate as 



convergence sites for the autophagic pathway, but only recently 
was it directly demonstrated that macrolipophagy connects auto- 
phagy with lypolysis during energy stress by affecting the rates 
of (3-oxidation, triglyceride stores and cellular cholesterol con- 
tent.''"'^ Mitophagy effectively regulates mitochondrial number 
and their quality control by sensing a decrease in the mitochon- 
drial inner membrane electrochemical gradient, which indicates 
an inability to produce ATP. Here, depolarized mitochondria 
are recognized through an interplay between signaling pathways 
mediated by PINKl and PARK2, a function that is impaired 
in Parkinson disease." Numerous examples indicate an impor- 
tant role of autophagy in the onset or progression of pathologi- 
cal conditions that are in particular characterized by high energy 
demands and energy stress. For example, altered autophagy has 
been observed in the ischemic, hypertrophied and failing heart, 
and has been shown to not only be required to maintain cardiac 
contractile function but also to limit infarct size and attenuate 
remodeling after a myocardial infarction.''""''^ Similar to cardiac 
myocytes, neurons are characterized by a high energy demand. 
Here, the high autophagic protein clearance rate is required to 
maintain neural function and to prevent accumulation of aggre- 
gate-prone proteins associated with neurodegeneration such as 
is observed in Alzheimer or Huntington disease. ^*''"'*^ Tumors 
are characterized by high energy demands to maintain prolifera- 
tion even in nutrient-poor conditions. Metabolic stress is a highly 
common feature especially in solid tumors, where autophagy 
localizes to hypoxic regions and restricts necrotic cell death and 
inflammation.'"''"' 

In context with the role of autophagy in the human patholo- 
gies described above, it is crucial to recognize that different tis- 
sue types show highly defined and distinct metabolic properties, 
such as the myocardium, which preferentially utilizes fatty acids, 
nervous tissue, which almost exclusively uses glucose, and many 
cancer cells, which upregulate glucose metabolism (Warburg 
effect). Importantly, this specific metabolic reliance is not static, 
but can change developmentally or be pathologically induced. 
Such changes are observed in the transition of the neonatal to the 
adult myocardium, indicating an additional level of complexity 
for autophagy to contribute metabolically. In fact, the magni- 
tude of metabolic reliance on autophagy to provide amino acids is 
revealed in the fetal to neonatal transition, which provides a pow- 
erful experimental model to assess metabolism.''^ Conditional 
knockout mice lacking yl^^7indicate the magnitude of the contri- 
bution to energy supply, as these mice do not survive longer than 
12 h after birth due to severe nutrient deficiency.'"*''" The targeted 
inactivation of specific Atg genes leads to a profound decrease 
in tissue and plasma amino acids, as well as hypoglycemia and 
hypolipidemia.'"'^° The myocardium and the diaphragm show 
substantially increased autophagy, which supports the notion for 
high metabolic activity and reliance on fuels generated by auto- 
phagy.'" Likewise, fasted Mg5~'~ neonatal hearts display a severe 
ST segment elevation in the electrocardiogram pattern, suggest- 
ing a shortage in respiratory substrates.'" Also, myocardial tissue 
amino acids significantly decrease, indicating myocardial energy 
depletion due to a lack of substrates generated by autophagy. 
Moreover, AMPK is activated 10 h after birth in Mg5~'~ neonates. 
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but not so in wild-type mice, indicating the increased metabolic 
demand of neonatal tissue due to the lack of autophagy.'" These 
data indicate strongly that autophagy can contribute significantly 
to the metabolic balance sheet of mammalian cells. Further data 
suggesting that autophagy may be required for maintaining cel- 
lular energetics have been derived from studies investigating 
myocardial ATP levels; both starvation and bafilomycin treat- 
ment reduce myocardial ATP levels." 

Although glycogen is also delivered to lysosomes, its storage 
and consumption appear normal in Atg knockout models, indi- 
cating a minor role toward substrate generation.^^^ These find- 
ings confirm, in vitro and in vivo, that an additional metabolite 
fuel source is provided through autophagy. Adipocyte-specific 
Atg7 knockout produces mice with decreased white adipose tis- 
sue mass, but, importantly, the white adipocytes that are present 
show features of brown adipocytes. These data suggest a potential 
metabolic compensatory mechanism, due to the lack of autopha- 
gically-generated substrates.^^ However, neonatal atg5~'~ mice do 
not show differences in their lipolytic rates, suggesting that dif- 
ferent nutritional conditions and metabolic demands control the 
contribution of autophagic degradation.'" The regulation of lipid 
droplet metabolism through autophagy broadens the cellular 
response repertoire to meet its energy demands in adverse condi- 
tions.'^ Further studies will be necessary to delineate exact con- 
ditions that favor autophagy to contribute metabolically and to 
clarify the role of autophagy in amino acid and lipid metabolism 
in different cell types under defined metabolic perturbations. 

Autophagy: The Integration of Metabolic 
Feedback that Controls Cell Death 

How does the cell's energetic state and ATP availability connect 
with autophagic flux and onset of cell death? The likelihood of 
cell death during a stress response lies, among other things, in 
the cell's ability to maintain intracellular ATP levels sufficient to 
maintain function. It is hence no surprise that ATP-generating 
systems as well as ATP-consuming processes affect susceptibility 
to cell death. The autophagic pathway is integrated in a complex 
feedback network on multiple levels to assure substrate availabil- 
ity and to assure maintenance of energetic state so that meta- 
bolic stress may be overcome and viability maintained (Fig. 4). 
Autophagic activity therefore contributes to the control of metab- 
olite levels to allow sufficient ATP generation to take place to 
meet the cellular metabolic demands compatible with viability 
and function. In this section, the role of ATP as well as the bal- 
ance of ATP generation and ATP consumption on the induction 
and execution of cell death will be discussed. 

The significance of the metabolic role of increased autophagic 
flux on susceptibility to cell death can only fully be understood 
in the context of the cellular energetic balance and cell death, 
the direct relationship between autophagy and onset of apoptosis 
or necrosis, as well as the more indirect relationship with necro- 
sis via the ATP-dependent shift between apoptosis and necro- 
sis. With the improvement in methodology, it became clear that 
there are many examples where biochemical or morphological 
hallmarks of more than one cell death subroutine can be shared 



within the same cell. Cell death is a highly dynamic response that 
may manifest in a spectrum of morphological overlap.^ 

Historically, cell death has primarily been classified as apop- 
totic, autophagic and necrotic. Often, intermediate forms are 
seen, indicating the dynamic nature of cell death. Apoptosis is 
morphologically characterized by chromatin condensation (pyk- 
nosis) and fragmentation (karyorrhexis), rounding up of the cell, 
and the retraction of pseudopods. The cell membrane remains 
intact, although the change in membrane polarity leads to phos- 
phatidylserine exposure on the outer membrane. Necrosis was 
originally considered as an accidental cell death that operates 
rather uncontrolled and passively as a consequence of physical 
or chemical stress. However, recent data indicate that necrosis 
execution may be finely controlled by a network of signaling 
pathways.'^ The term necroptosis has since been proposed to 
indicate this regulated form of necrotic cell death. RIPKl [recep- 
tor (TNFRSF) -interacting serine-threonine kinase 1] has been 
implicated in many conditions leading to necrotic cell death in 
mammalian systems.''' Morphologically, necrosis is character- 
ized by a loss in membrane integrity with subsequent rupture as 
well as cytoplasmic and organellar swelling. The cellular swell- 
ing prior to necrosis onset has been termed oncosis, derived from 
"oncos," meaning swelling." Importantly, a rapid drop in ATP 
below 50% has been implicated in necrotic cell death."" Most 
often, mitochondrial injury leads to necrosis, which can be res- 
cued by restoring ATP synthesis through inducing glycolysis."^ 
Uncoupling of mitochondria leads to their depolarization, loss 
of ATP and subsequent necrosis of the cell, which can be res- 
cued by preventing the uncoupling and thereby increasing ATP. 
Hence ATP availability is central in the induction and execu- 
tion of necrosis. The cell membrane pumps, as well as lysosomal 
ATP-dependent transporters are constituents of the major cellu- 
lar ATP-consuming processes, indicating a relationship between 
ATP availability, ATPases and cytoplasmic /organellar swelling.'^ 
It has therefore been suggested that the signaling for necrosis 
takes place long before its manifestation in a morphologically 
visible necrotic cell death subroutine, involving a so called point- 
of-no-return (PONR).'** In addition, an ATP-dependent rela- 
tionship between apoptosis and necrosis has been described. In 
fact, a progressive replacement of necrosis with apoptosis occurs 
when intracellular ATP becomes available again, in particular 
when ATP exceeds 50% of normal intracellular ATP stores." 
Mutations in autophagy genes partially inhibit necrosis by con- 
verging within the calpain-cathepsin pathway, which affects 
acidification of the cytosol.''" Spermidine, which induces auto- 
phagy, inhibits loss of membrane integrity and HMGBl release.''' 
Similarly, induction of autophagy via acetic acid inhibits necrotic 
cell death in yeast. 

These data demonstrate very clearly that cell death is not static, 
and that ATP generated through increased autophagic flux may 
affect the onset of both apoptotic and necrotic cell death. In order 
to better understand the fundamental role of autophagy in sus- 
ceptibility to cell death, it is important to remind ourselves that 
the term "programmed," does not mean that the cellular fate per 
se is "pre-written," but that merely the capacity exists to induce 
programmed cell death if present and past conditions as well as 
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Figure 4. Relationship between energetic sensing, autophagic activity, ATP and cell death. Autophagic activity forms an integral part of a homeostatic 
metabolic feedback system that ensures the control of metabolite levels in order to allow sufficient ATP generation to take place that meets the current 
cellular metabolic demands to comply with cell viability. 



intra- and extracellular conditions are favorable for induction of 
cell death. That these conditions can change and rapidly influ- 
ence the execution of cell death is made clear by the PONR in 
cellular injury, a concept that was introduced already more than 
50 y ago."* The PONR clearly indicates the dynamic behavior of 
cell death and reveals the identity of a restriction point for cell 
death as a time point when a cell is still salvageable. The PONR 
enables therefore the distinction of induction and execution of 
cell death, of the cell death process from the cell death endpoint, 
and therefore the difference between a living and an already dead 
cell. A number of parameters, such as mitochondrial membrane 
permeabilization, caspase activation, the dissipation of mitochon- 
drial transmembrane potential A^P or cytochrome c interactions 
have all been considered as the PONR in models of programmed 
cell death.'"'''^ In models of necrosis, lysosome permeabilization 
and subsequent plasma membrane rupture have been described 



as the PONR.*"^ The magnitude of autophagic activity may influ- 
ence the position of the PONR due to its role in metabolite sens- 
ing, substrate provision and response integration (Fig. 4), thereby 
controlling the cellular energetic state and death onset.^ 

Autophagy: The Matching of Efflux Rate 
with ATP Demand that Controls Cell Death 

In light of the specific role of autophagy in responding to shortage 
of metabolite substrate, it becomes clear that the magnitude of 
autophagic flux determines the extent of metabolite contribution. 
Especially in the metabolic context it is crucial to fully anticipate 
the fundamental role of autophagic flux. Both how many metab- 
olites can be generated and how energetically efficient ATP con- 
sumption can be integrated, are dependent on autophagic flux. 
Based on the definition of autophagic flux that describes the rate 
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Figure 5. For figure legend, see page 1279. 
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Figure 5 (See opposite page). Autophagy correlates with cellular metabolism. (A) Increased autophagic activity is compatible with cellular metabo- 
lism and function. IVIetabolic supply (efflux rate) matches cellular ATP demand at a given time of insult or stress, maintaining viability. The insult is mild, 
residual oxygen tension is available and the increase in ATP demand is mild to moderate. No cell death is induced. (B) Impaired autophagic machinery is 
not compatible with cellular metabolism and function. A delayed response, a decrease or inhibition of autophagic flux at a given time of insult or stress, 
leads to cell death. The negative feedback is primarily brought about by low metabolite (leucine) levels, low ATP/ADP ratio and low oxygen tension. 
Metabolic supply (efflux rate) does not match cellular ATP demand. The stress or insult is severe, oxygen availability is limited and the increased ATP 
demand is severe. The decrease in ATP induces apoptotic or necrotic cell death. 



of turnover of the autophagosome pool in steady-state where the 
size of the autophagosome pool remains constant, it becomes evi- 
dent that a rate of synthesis or degradation can be assessed only 
by measuring multiple time points and by completely inhibiting 
autophagosomal-lysosomal fusion.'''-' Although data on baseline 
autophagic flux of various tissues and their metabolic capacity 
through autophagy are limited, from hepatocytes we know that 
the autophagosomal half-life is approximately 8 min, with a 25% 
net loss of protein following a 24 h fasting period.^' Importantly, 
especially when oxygen availability is a limiting factor, autophagy 
may become a very suitable provider of metabolites. Hepatic oxi- 
dation of 900 mmol amino acids would generate 5.8 mol ATP 
per molecule utilized.^" When comparing this substrate utili- 
zation and oxygen efficiency with that of glucose or palmitic acid, 
we find to our surprise that amino acid oxidation has stoichio- 
metrically an almost identical oxygen sparing effect to glucose 
oxidation. Moreover, when assessing the ATP yield per mol O^, 
an 11% increase of energy production is achieved through amino 
acid oxidation when compared with fatty acid oxidation.^' This 
may be of particular advantage in conditions that are metaboli- 
cally perturbed through compromised oxygen availability. These 
findings also support the argument that autophagy indeed makes 
energetic sense in providing metabolites, by improving energy 
efficiency. During autophagy, the cell conserves ATP by decreas- 
ing general protein synthesis in a linear fashion, proportional to 
the degree of flux change that is increased by autophagy, while 
ensuring the expression of proteins required for execution of 
autophagy as well as proteins that are critical in adaptation to 
starvation.^^'^'' 

The autophagic machinery itself requires ATP levels to be 
sufficient, especially for successful initiation, the first step in the 
autophagic pathway. An ATP reduction by 30-50% decreases 
autophagic volume by 70%, suggesting that a minimal energetic 
threshold must be maintained for the cell to respond adequately 
through autophagy. The maintenance of the proton electro- 
chemical gradient across the lysosomal membrane is another 
major metabolic expense that is required for functional auto- 
phagy. Hence, the higher the autophagic activity, the higher is 
the ATP cost to maintain elevated levels of autophagic flux. This 
might be one explanation why highly proliferative cells become 
metabolically more volatile, as autophagic activity is high as well 
as the cell's metabolic demand. We know that the efflux of the 
amino acids that result from autophagic degradation, such as 
leucine and isoleucine, is mediated by vacuolar effluxers such as 
Atg22, indicating a high degree of specificity of the release of 
metabolites.^^ However, although this stage is often seen as the 
final step of autophagy, the metabolic feedback loop is only com- 
pleted when these metabolites are oxidized and contribute to the 
cellular ATP pool (Fig. 1). In the context of autophagy as part 



of an ATP supply chain and cellular function as part of an ATP 
demand system, the control of cellular energetics through tuning 
autophagic flux becomes clear: Increased autophagic activity is 
compatible with cellular metabolism and function when meta- 
bolic supply (efflux rate) matches cellular ATP demand at a given 
time of insult or stress, preserving viability (Fig. 5A). If the insult 
is mild, if residual oxygen tension is available and the increase in 
ATP demand is mild to moderate, no cell death is induced. In 
contrast, decreased autophagic flux or an impaired autophagic 
machinery is not compatible with cellular metabolism and func- 
tion, as efflux rate does not meet the metabolic demands, leading 
to net loss in ATP (Fig. 5B). The negative feedback is primarily 
brought about through low metabolite (leucine) levels, low ATP/ 
ADP ratio and low oxygen tension. If the stress or insult is severe, 
if oxygen availability is limited and the increased ATP demand 
is severe, the decrease in ATP induces apoptotic or necrotic cell 
death, depending on specific intracellular ATP levels (Fig. 5B). 

Autophagy and the Cellular Environment: 
Looking Back to Look Forward 

In the past 20 years, we have seen remarkable changes in the field 
of cell death. Although we know the machinery of cell death and 
the morphology it presents, we are only beginning to understand 
the complexity of the molecular origin and crosstalk that has led 
to the manifestation of a specific cell death subroutine. Very often 
we do not consider the context of a cell death subroutine and 
the contribution of both intracellular and extracellular param- 
eters (Fig. 6A and B) that form the backdrop for autophagy. 
How many years has the cell spent in stress, brought about by 
metabolic perturbation (Fig. 6A)? How long has it been utilizing 
substrates that are not preferred metabolites? How long has its 
autophagic flux been slightly higher due to a mild hypoxic envi- 
ronment, or slightly lower? How much toxic protein aggregate 
has accumulated and how is its mitochondrial fission or fusion 
rate disturbed as a result of that? It becomes clear that in order to 
understand and predict cell death and cell survival, and in order 
to unravel the molecular mechanisms that result in morphologi- 
cal overlap of cell death, we will have to take into account the 
metabolic status and history of the cells, as well as the matrices 
in which they are found (Fig. 7). The impact of these param- 
eters on autophagic activity and its relevance to cell death become 
particularly important when assessing the role of autophagy in 
conditions characterized by overnutrition or aging. For example, 
autophagy plays a role in adipogenesis, is upregulated in adipose 
tissue in human obesity and stimulated in |3 cells, deriving from 
a high energy status induced by a high-fat diet with a decrease 
in islet ATP production.^'*'^" Transcriptional downregulation of 
autophagy during aging enhances proteotoxic stress and increases 
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Figure 6 (See opposite page). Connections between autophagy, apoptosis and necrosis. (A) The intracellular condition (inner triangle) dynamically 
drives cell death. Each block contributes to cellular robustness and death susceptibility. (B) The extracellular microenvironment (outer circle) dynami- 
cally drives cell death. Each block contributes to robustness and, hence, susceptibility. 



apoptotic cell death. The fine balance between amino acid 
availabihty and autophagic activity affects not only cell death 
susceptibility but also influences longevity.'*'*''*' 

Cells die in the context of their environment.^'' Starting in the 
1950s, experimentally derived data started to shape the idea of 
cells being able to self-destruct in a programmed and regulated 
fashion, if the microenvironment provided the signals to do so.**^' 
" Gliicksmann already noted at that time that the cause of cell 
death is related to a combination of "imprecise induction and 
proliferation stimuli with a limited adaptability," indicating the 
importance of a timely cellular response to a changing micro- 
environment.'" We know that a timely autophagic response to 



metabolic stress is crucial for a successful stress response; however, 
we do not consequently follow this line of evidence to the cellular 
susceptibility to undergo cell death. Gliicksmann pointed out that 
the location of cells, a free surface vs. the restriction of movement 
by close packaging, contributes to morphogenetic sculpturing.'" A 
center to margin differentiation of cell death subroutines seems a 
common feature in the manifestation of cell death in tissues such 
as central pyknotic cells in retina development, the interdigital 
cell death during limb formation and the central occurrence of 
cell death in hypoxic tumor or infarcted tissue.'" The fact that 
cells die while attempting division indicates that the microenvi- 
ronment plays a major role in cell death control. Back then it was 




Figure 7. The intracellular state and the extracellular microenvironment dynamically drive cell death and together contribute to cellular robustness and 
cell death susceptibility. Due to the molecular crosstalk, a mixed morphology between autophagy, apoptosis and necrosis can be observed, depending 
on the individual contribution and magnitude of the intracellular and extracellular parameters. 
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hypothesized that so-called "maintenance factors" must exist that 
allow normally degenerating cells to survive under different con- 
ditions. We now propose that autophagic activity plays a funda- 
mental role in the homeostasis of these "maintenance factors" and 
that autophagic flux and response time determine the robustness 
of a tissue in providing adequate "maintenance factors" during 
changing conditions or metabolic demands. 

Abundant cell death, be it phylogenetic, histogenetic or 
morphogenetic in nature, is a fundamental part of early devel- 
opment." It becomes increasingly evident that autophagic 
activity is controlled similarly in a developmentally regulated 
manner and that it plays an essential role during development.'"'''" 
Especially during embryogenesis, a rapid change from quiescence 
to enhanced metabolism facilitates proliferation, differentia- 
tion, migration and death. These cellular responses are highly 
dynamic and governed by both the microenvironment and the 
cells' inherent genetic program. In the developing limb, timing 
and signaling gradients and resulting pattern formation is most 
evident. Gradients of signaling by SHH (sonic hedgehog) and 
WNT5A govern predominantly cellular behavior.''' Autophagy 
may negatively regulate WNT signaling, providing a potential 
molecular connection between metabolic sensing, morphogen- 
esis and tissue sculpting." A relationship also exists between 
AMBRAl, a positive regulator of BECNl-dependent autophagy, 
and neuronal cell survival during the development of the nervous 
system, indicating a clear role of autophagy in cell fate during 
development.'-"' Moreover, it has recently been demonstrated that 
ULK3 expression levels correlate with SHH tissue activity in the 
fetal brain.'^ These data suggest a role for autophagy in sensitiz- 
ing cell death, where cell numbers need to be adjusted or struc- 
tures deleted. 

A common denominator in developmental cell death is an 
imbalance between ATP supply and demand. The demand 
may be driven by increased proliferation or a decrease in supply 
through, for instance, ischemic injury. As demand for ATP can 
be regulated through autophagy, activity of autophagy can deter- 
mine whether supply and demand are in equilibrium. A close 
relationship exists between availability of growth factors, auto- 
phagic activity and the maintenance of ATP production from 
catabolism of autophagically generated substrates.'"* Can a role 
of autophagic flux governed by the microenvironment be attrib- 
uted to, for example, the waves of necrosis that sweep along the 
mesoderm during the sculpturing of the chick embryo limb? Can 
autophagic activity be part of the "epigenetic control of morpho- 
genetic death"?" We know that loss of interdigital cells during 
murine limb development can occur by cell death resembling 
necrosis, when caspases are inhibited.'^' These findings suggest 
that another location of control for the regulation of onset of cell 
death exists, and alternative mechanisms have been proposed.'"" 
In 1988 the experiment performed by Saunders, identifying an 
intrinsic "death clock" in the posterior necrotic zone, was taken 
one step further in terms of control of death, as it was found that 
cell death was reduced when explants were taken from younger 
donors. It was then formulated that control of cell death resides 
"in both the cellular environment and the developmental history 
of the cells."""''"^ 



We most often achieve cell death when tissues fold or invagi- 
nate, hence, when metabolic gradients are profoundly enhanced, 
leading to regions of hypoxia. When oxygen becomes limited to 
0.1—3%, a fine balance exists between maintaining necessary 
cellular respiration and simultaneously limiting the accumula- 
tion of reactive oxygen species. Autophagic activity controls both 
metabolite substrate availability and mitochondrial autophagy. 
HIFIA [hypoxia inducible factor 1, a subunit (basic helix-loop- 
helix transcription factor)] upregulates autophagy of mitochon- 
dria, requiring HIFlA-dependent expression of BNIP3, ATG5 
and BECNl.'"^ Hypoxia-induced autophagy is thought of as a 
survival response that stabilizes cell viability under adverse con- 
ditions.'"'' However, the severity of hypoxia and the concomitant 
metabolite availability play a crucial role in determining whether 
the cellular response will be successful.'"' Insulin, for example, is 
important for glucose availability, but also for autophagy regu- 
lation due to the PI 3 -kinase and AKT-mediated activation of 
MTOR. Insulin negatively regulates autophagy and suppresses 
its activity also in insulin resistance.'"'' We therefore need to 
consider to what extent the cell has become resistant to insulin, 
for how long it has been exposed to a hyperglycemic environ- 
ment, and to what extent that has affected basal autophagic 
activity and autophagic responsiveness. Moreover, if autophagic 
metabolite generation provides ATP, cells compete for a neces- 
sary ATP availability that is compatible with viability. Control of 
autophagic flux is used to adjust the numbers of developing cells. 
Similarly, fetal neurons compete for limited amounts of nerve 
growth factor, with only some being able to escape induction of 
apoptosis by growth factor withdrawal.'"^ Also, the acidity of the 
microenvironment that may be brought about by an increase in 
anaerobic glycolysis has a profound effect on autophagic activ- 
ity. Lower pH not only decreases basal autophagy, but also sup- 
presses starvation-induced autophagy, which in turn sensitizes 
to cell death.'"" Continued progress on the methodology of the 
assessment of intra- and extracellular parameters (Fig. 6A and B; 
Fig. 7) and quantification of autophagic flux will undoubtedly 
provide insights that delineate the exact conditions that favor 
autophagy to contribute metabolically and to affect cell death. 

Summary and Future Outlook 

Taken together, it becomes clear that the autophagic pathway 
is densely networked with the cell's metabolism. Upstream, it 
plays a crucial role in metabolic sensing by signaling through 
the AMPK, MTOR and PKA pathways, thereby tuning cellu- 
lar energy demands with autophagic flux, resulting in improved 
energy efficiency and respiration. Cell viability is likely to be 
maintained not only when the efflux rate matches cellular ATP 
demand at a time of insult or stress, but also if autophagically- 
generated glucogenic and ketogenic amino acids are enabled to 
fuel the TCA cycle at multiple entry points. It is therefore most 
crucial to assess equally the cell's history, the type and severity 
of stress and how these may affect metabolic sensing and ATP- 
generating pathways, and ultimately determine the energetic 
state and function of the cell. This will require us to enlarge the 
footprint of the autophagic pathway and to integrate it into a 
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cellular energetic feedback loop. Continued progress on meth- 
odology and a combined assessment and quantification of auto- 
phagic flux with the measurement of metabolite pool sizes, the 
cell's substrate preference and its reliance on oxidative phosphor- 
ylation will be required. An increased reporting on oxygen avail- 
ability and mitochondrial fission-fusion rate in conjunction with 
ATP availability and ATP-consuming processes in the context 
of the cell's intra- and extracellular environment will undoubt- 
edly provide insights that deepen our understanding on the vari- 
ability of autophagy and cell death susceptibility. In doing so, 
this approach may result in the elucidation of the threshold that 
controls cell death and cell survival, providing a novel means to 
exploit the autophagic machinery for therapeutic purposes. 
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